In this paper, membrane electrode assemblies were constructed using catalyst-coated membranes to investigate proton-exchange membrane fuel cell water flooding. Two major fuel cell hardware variations, namely flowfield design and Teflon loading of the gas diffusion layer (GDL), were tested to explore their effects on water flooding. A flowfield with triple serpentine flow channels showed heavier water flooding than that with single serpentine flow channels. Increasing the Teflon loading in the GDL reduced water flooding effectively. Several fuel cell operating conditions, including air stoichiometry, current density, relative humidity (RH), backpressure, and temperature, were also tested to identify their effects on water flooding. It was observed that the water flooding severity increased with decreasing air stoichiometry, as well as with increasing temperature, RH, backpressure, and current density. Among these operation conditions, air stoichiometry (or air flow rate) and RH played more important roles in reducing water flooding.
INTRODUCTION
Proton-exchange membrane or polymer electrolyte membrane (PEM) fuel cells are considered promising energy converters due to their high power density, high energy conversion efficiency, quick start-up, and environmental friendliness (Haile et al. 2001; Steele and Heinzel 2001) . However, obstacles to their commercialization still exist, notably issues of durability/reliability and high cost. With respect to the first issue, slow mass transfer of oxidant (e.g., oxygen) and insufficient removal of the product (e.g., water) at cathode have been identified as the major contributors to the low durability. For example, if the water produced at cathode could not be effectively removed, "water flooding" will occur, resulting in a significant performance degradation including fuel cell voltage fluctuation (Li et al. 2008) . Therefore, water management at fuel cell cathode has been recognized as a key approach for reducing degradation and improving performance.
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At a PEM fuel cell cathode, the water comes primarily from three sources: (1) the electrochemical oxygen reduction reaction (ORR) (half-cell reaction: O 2 + 4H + + 4e − → 2H 2 O) to produce water; (2) gas humidification; and (3) water dragged electroosmotically from the anode side. When liquid water accumulates at the cathode, water droplets form and block the flowfield channels and/or pores in the gas diffusion layer (GDL) and/or catalyst layer, thereby hinder the transport of reactant species. As a result, fuel cell performance deceased suddenly and dramatically, but recovers if the water droplets are removed. This phenomenon is usually called "water flooding."
Water flooding, a significant problem in PEM fuel cells, is a complex phenomenon of interrelated factors. The severity of water flooding depends on fuel cell design, flowfield patterns, and operating conditions Weng et al. 2007 ). Water flooding usually happens at high current densities, although it also occurs at lower current densities if the gas stoichiometry is small (He et al. 2003; Larminie and Dicks 2001) . In recent years, water flooding has garnered significant attention, having been recognized as a primary degradation mode. In our pervious review paper (Li et al. 2008) , we examined the water flooding issue and its effects on fuel cell performance.
In various efforts to develop mitigation strategies for water flooding, researchers have carried out numerous studies using numerical simulations and predictions (modeling) (Le and Zhou 2009; McKay et al. 2008; Meng and Wang 2005; Patel et al. 2008; Wang et al. 2001; Yuan and Sundén 2004) , as well as experimental investigation and diagnosis (Canut et al. 2006; Ihonen et al. 2004; Spernjak et al. 2007; Weng et al. 2007 ). Fundamental modeling that addresses water flooding through a two-phase flow model has developed rapidly, and is demonstrably useful in understanding both the importance of water management and the sensitivity of water flooding to fuel cell operating conditions and components. Direct visualization (Hakenjos et al. 2004; Spernjak et al. 2007; Tüber et al. 2003; Weng et al. 2007; Yang et al. 2004 ) and pressure drop measurement (Barbir et al. 2005; He et al. 2003; Park and Caton 2008; Tüber et al. 2003 ) methods have also been well developed, especially for qualitatively investigating water flooding. With respect to the experimental approaches, considerable effort has been put into mitigating water flooding. Tactics include changing flowfield designs, treating the GDL hydrophobically with Teflon (PTFE), applying a micro-porous layer (MPL) between the gas diffusion media (e.g., carbon paper) and the catalyst layer, changing fuel cell orientation with respect to gravity (Benziger et al. 2007) , and optimizing fuel cell operating conditions. Each of these strategies seems very successful for flooding mitigation in a PEM fuel cell.
For this paper, water flooding in a PEM fuel cell was recorded under various experimental conditions. The effects of operating conditions (temperature, relative humidity, air stoichiometry, and backpressure), flowfield channel design, and Teflon loading on the gas diffusion layer were systematically studied. In addition, the severity of water flooding in fuel cells was defined and the severities under different conditions were compared during lifetime testing. AC impedance was also used to diagnose water flooding during fuel cell operation.
EXPERIMENTAL DETAILS
The membrane electrode assemblies (MEAs) with an active area of 50 cm 2 were prepared by compressing, in each case, two GDLs against one catalyst coated membrane (CCM). The CCMs were made of Nafion 211 membrane with 0.4 mg/cm 2 Pt loading on both anode and cathode sides. The GDLs consisted of carbon papers impregnated
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by both Teflon (PTFE) (20 wt% and/or 5 wt%) and carbon black. Single cell hardware with end plates (50 cm 2 CH-50) and the heating cartridges were purchased from Teledyne Technologies Inc. The flowfield plates were designed and fabricated in-house using both triple and single serpentine flow channels, with a channel depth of 1.0 mm, a land width of 1.0 mm, and variable channel widths.
A Fideris fuel cell test station controlled with FC Power software was used for fuel cell data collection. In all fuel cell tests, hydrogen and air were used as fuel and oxidant, respectively, and their particular mass flow controllers were used to manage their flow rates. Before being fed into the anode and cathode, H 2 and air were humidified by passing through their designated humidifiers at the temperature corresponding to the required relative humidity (RH). The stoichiometry of H 2 (H 2,ST ) was controlled at 1.5, and the air stoichiometries (Air st ) were controlled at various selected values. Two pressure sensors were installed, at the fuel cell inlet and outlet on the cathode side, to measure the pressure drop across the flow channel. Polarization data were collected and the cell voltage under each current density was recorded after the reading stabilized. During all tests, the backpressures and RHs for the anode and cathode sides were kept the same. In experiments studying the RH effect, the RH at anode side was controlled at 100%, while the RH was variously adjusted to the required experimental levels at the cathode side.
A Solartron 1252 FRA was used for AC impedance measurements, taken in the frequency range of 5000 to 0.01 Hz using a method described in our previous paper (Tang et al. 2006) . AC impedance was employed to obtain mass transfer resistances for the fuel cell reactions. Figure 1 shows a typical fuel cell voltage-time curve at a current density of 0.5 A/cm 2 . Many sharp downward peaks are observable on the curve, occurring randomly since the time intervals between two adjacent peaks are not the same. Cathode water flooding caused these downward peaks, the formation of which can be conceptualized as follows. When water droplets that have formed near or on the gas diffusion layer surface cannot be effectively removed by the air flowing within the flowfield channels, they block the access of reactant (O 2 ) to the reaction sites, leading to a rapid drop in the cell voltage when the majority of the GDL surface is covered by these water droplets. Because the droplets block the air flow through the flowfield channels, the pressure drop between the gas inlet and outlet increases. When this pressure differential reaches a high enough value, it blows out the water, and the reaction sites blocked by these water droplets are released, resulting in a swift voltage recovery. This may be the major process contributing to the water flooding, but it is not the only one. Other water transfer processes occurring inside the catalyst layer and GDL might also contribute to water flooding. However, in order to quantitatively compare the severity of water flooding under different conditions, in this paper we introduce a function wf , identified as the water flooding severity. Here wf is defined as a product of N wf and V ave wf :
RESULTS AND DISCUSSION
Water Flooding Observation and Description
where N wf is the number of water flooding downward peaks in one minute, expressed as min 
where n is the total number of water flooding peaks over the whole testing period. For example, in the case of Figure 1 , n equals 15.
Effect of Air Stoichiometry (or Air Flow Rate) on Water Flooding
The effect of air stoichiometry or air flow rate on water flooding was also tested using several air stoichiometries. Figure 2 shows two typical curves of cell voltage versus time, obtained when fuel cell was operated at a current density of 0.5 A/cm 2 for 150 minutes. It can be seen that as air stoichiometry increased from 2.0 to 3.5, both the number and the voltage magnitude of downward peaks decreased significantly. This result further confirms that the downward peaks on the voltage-time curves are caused by inefficient water removal. It is understandable that at a higher air stoichiometry, which corresponds to a higher air flow rate, the removal of water drops near/on the GDL surface will occur more rapidly, leading to less water flooding. In addition, at a high air flow rate, the pressure drop between the gas inlet and outlet will be larger, making water removal easier.
The results presented in Figure 2 demonstrate that increasing air stoichiometry or flow rate can effectively reduce water flooding. However, in practical fuel cell operation, increasing the air stoichiometry will also increase system's parasitic loss. Therefore, optimization of air stoichiometry is also necessary when using this strategy to reduce water flooding.
Effect of Current Density on the Water Flooding
In order to observe the effect of current density on the water flooding, the cell voltage-time curves were also recorded at three different current densities, 0.2, 0.5, and 1.0 A/cm 2 , as shown in Figure 3 . The baseline voltage (V b ) in Figure 3 should represent the steady-state performance at its corresponding current density. The fuel cell showed fairly high performance, achieving voltages of 0.82, 0.74, and 0.63 V at current densities of 0.2, 0.5, and 1.0 A/cm 2 , respectively. In terms of water flooding, downward voltage peaks can be observed in Figure 3 at all three current densities. At a low current density such as 0.2 A/cm 2 , just a few small peaks appear on the voltage curve, indicating only occasional water flooding. When the current density increases from 0.2 to 0.5 A/cm 2 , the peaks occur more frequently, indicating more severe water flooding. This would have occurred because more water is produced at higher current densities. However, when the current density went up to 1.0 A/cm 2 , the flooding situation seems to have improved. In order to quantitatively compare the severity of water flooding under different conditions, the water flooding severity ( wf ) was calculated according to Equation (1), based on the data shown in Figure 3 . As listed in Table 1 , when the current density rises from 0.2 to 0.5 A/cm 2 , the value of wf increases from 1.7 to 22.2 mV/min, while when the current density increases further to 1.0 A/cm 2 , the value of wf drops to 20.3 mV/min. This can be explained in terms of water generation, gas flow rate, and cathodic pressure drop between the fuel cell inlet and outlet. When the current density was increased from 0.5 to 1.0 A/cm 2 , more water was generated by the electrochemical reaction of oxygen reduction; however, the flow rate of air also would have increased if the air stoichiometry remained fixed. In this case, the water would have been more easily purged from the fuel cell by a higher gas flow rate, reflected by a higher N wf value (i.e., an increased number of water flooding downward peaks) and lower V ave wf value (i.e., a decreased average cell voltage drop). In addition, the pressure drop between the fuel cell inlet and outlet rose with increasing current density. As shown in Figure 4 , when the current density increased from 0.5 to 1.0 A/cm 2 , the pressure drop rose from 0.086 to 0.17 atm. A greater pressure drop is definitely helpful for removing liquid water from the fuel cell. The trade-off between water generation and water removal thus results in slightly less severe water flooding at 1.0 than at 0.5 A/cm 2 .
RH Effect on Water Flooding
It was also observed that RH could strongly affect water flooding. As shown in Table 2 , the water flooding becomes less acute with decreasing RH. For example, from 100% to 50% RH, the water flooding severity gradually decreased, and at 35% RH, almost no water flooding could be observed. It is understandable from a thermodynamic point of view that if the inlet air has a lower relative humidity, water droplets near/on the GDL surface will more easily evaporate, reducing the extent of water flooding; at 35% RH in particular, the water removal became even easier. However, as shown in Figure 4 , RH can also affect the cathode pressure drop between the fuel cell inlet and outlet, i.e., the cathode pressure drop increases with increasing RH. A greater cathode pressure drop at higher RH should be beneficial for water removal, suggesting less severe water flooding will occur at a higher RH. Therefore, there is a trade-off between the thermodynamic evaporation effect and the pressure drop effect. The results shown in Table 2 suggest that the water flooding reduction caused by thermodynamic evaporation may play a larger role than the water flooding increase caused by a drop in pressure, leading to a net water flooding reduction effect as RH decreases.
The water flooding phenomenon can also be detected using AC impedance measurements. Obviously, water flooding will slow down the mass transfer of O 2 , which will be reflected by an increase in mass transfer resistance (R mt ) in the equivalent circuit of the cathode reaction process (Canut et al. 2006; Tang et al. 2006) . As shown in Figure 5 , the mass transfer resistances obtained based on AC impedance data increase with rising RH, indicating that at a higher RH water flooding has a more severe effect on the mass transfer process. The results in Table 2 suggest that running a fuel cell at a lower RH would be beneficial to reduce water flooding. However, under real-world fuel cell operating conditions, decreasing the RH will reduce fuel cell performance. Therefore, when trying to reduce water flooding, optimization of RH is also necessary.
Backpressure Effect on Water Flooding
As presented in Table 3 , the water flooding severity declined with decreasing backpressure. Because the fuel cell was operated at a fixed current density (0.5 A/cm 2 ) and a fixed air stoichiometry (2.0), the air volumetric flow rate at a higher backpressure would have been smaller than that at a lower backpressure. The larger air flow rate at a lower backpressure would have aided in water removal, resulting in a less water flooding. In addition, a higher cathode pressure drop at lower pressure, as shown in Figure 6 , is helpful for water removal, as previously discussed.
Temperature Effect on Water Flooding
Table 4 presents water flooding severities at different temperatures. It can be seen that as the temperature increased from 40
• C to 80
• C, the frequency of water flooding rose significantly (from 0.15 to 0.73 min −1 ), although the average cell voltage change improved, Table 3 Water flooding severity at 0.5 A/cm 2 and different backpressures with triple serpentine flow channels on flowfield plates. Note. Fuel cell flowfield design has triple serpentine flow channels. The depth and width of channel were both 1.0 mm. MEA area: 50 cm 2 . GDL Teflon loading: 20 wt%. Operating conditions: 100% RH, 3.04 atm, H 2,ST = 1.5, Air ST = 2.0.
going from 47.8 to 30.3 mV. The resultant overall water flooding severity increased from 7.0 to 22.2 mV/min. Because the pressure, air stoichiometry, and relative humidity (100% RH) were fixed during measurement, the water content in the air at higher temperatures would have been larger than that at lower temperatures. This higher water content could make removal of water droplets more difficult, leading to more severe water flooding at the cathode.
Effect of GDL Teflon Loading on Water Flooding
Different Teflon loadings on the gas diffusion layer were also tested to investigate their effects on the water flooding. Figure 7 shows two typical cell voltage-time curves at two Teflon loadings. It can be seen that a 5 wt% Teflon loading yielded much heavier water flooding than a 20 wt% Teflon loading. It is well known that Teflon is an effective water repelling agent due to its surface hydrophobicity. When it forms a thin film on the carbon fiber matrix of the GDL, the latter will become highly hydrophobic, facilitating water removal. Therefore, increasing the GDL's Teflon loading results in less water flooding. Raising the GDL's Teflon loading should thus be one of the most effective ways to reduce water flooding. Note, however, that the Teflon loading should not be too high, otherwise it will considerably reduce GDL's conductivity. In practice, the optimal Teflon loading is around ∼ 20-25 wt%.
Effect of Flow Field Channel on Water Flooding
It has previously been recognized that the flowfield design could have a strong effect on water flooding (Li et al. 2007; Owejan et al. 2007; Shimpalee et al. 2006; Xu and Zhao 2007) . In this paper, four serpentine flow channel design configurations were fabricated to investigate their effects on water flooding and concomitant fuel cell performance. Two kinds of flow channel patterns were designed: one had triple parallel serpentine flow channels with a channel width of 1.0 mm, and the other had single serpentine flow channels. The single serpentine flow channel design had three different channel widths: 1.0, 1.2, and 1.4 mm. All flow channel depths were 1.0 mm.
In terms of the fuel cell's steady-state performance, Figure 8 shows the polarization curves for these four flowfield designs. It can be seen that among the four curves, the fuel cell with a triple channel flowfield design gives the best steady-state performance. Unfortunately, as shown in Table 5 , this triple parallel serpentine flow channel design showed the most severe water flooding. From Table 5 it can also be seen that for designs with single serpentine flow channel, the severity of water flooding increased with increasing channel width. The same trends were also observed at other current densities such as 0.2 and 1.0 A/cm 2 (not shown here). This could be attributed to the decrease in air pressure drop at the cathode when channel width increased, as shown in Figure 9 . For example, pressure drops of 0.17, 0.21, and 0.26 atm were recorded for channel widths of 1.0, 1.2, and 1.4 mm, respectively. The pressure drop for the triple serpentine channel flowfield was much lower (about one third) than the drop for the single serpentine channel flowfield with the same channel width, and even lower than that of channel with a 1.4 mm width. This is because the length of the gas pathway in the triple channel design is only one third of that in the single channel design. The higher pressure drop across the fuel cell channel aided in water removal, leading to less severe water flooding. However, as shown in Figure 8 , the triple serpentine flow channel design showed the best performance. This can be ascribed to the shorter gas transport length, which facilitates more uniform distribution of the local oxygen concentration, temperature, water, and current (Shimpalee et al. 2006 ), leading to a better fuel cell stead-state performance.
CONCLUSIONS
In this study, membrane electrode assemblies (MEAs) were constructed using catalyst-coated-membranes (CCMs) for fuel cell performance tests. Water flooding was frequently observed when using such CCM-based MEAs in PEM fuel cell tests and operations. In order to quantitatively describe water flooding, a water flooding severity was defined in this paper.
Two major fuel cell hardware variations-flowfield design and Teflon loading of the gas diffusion layer-were tested to explore their effects on the water flooding. With respect to flowfield design, two kinds of flow channel patterns were evaluated: one had triple parallel serpentine flow channels and the other had single serpentine flow channels. The flowfield with triple serpentine flow channels showed heavier water flooding than of the flowfields with single serpentine flow channels. As for GDL Teflon loading effect, increasing the Teflon loading effectively reduced water flooding.
Several fuel cell operation conditions, namely air stoichiometry, current density, relative humidity, backpressure, and temperature, were also tested to identify their effects on water flooding. It was observed that the water flooding severity could be increased by decreasing the air stoichiometry and increasing the temperature, RH, backpressure, and current density. Among these operation conditions, both air stoichiometry (or air flow rate) and RH played the most important roles in reducing water flooding. However, during practical fuel cell operation, increasing the air stoichiometry will increase the system parasitic loss, and decreasing the RH will reduce the fuel cell performance. Therefore, reduction of water flooding also requires optimization of fuel cell operation conditions.
